This work studies Ni-based catalyst deactivation and regeneration processes in the presence of H 2 S under a biogas tri-reforming process for hydrogen production, which is an energy vector of great interest. 25 ppm of hydrogen sulfide were continuously added to the system in order to provoke an observable catalyst deactivation, and once fully deactivated two different regeneration processes were studied: a self-regeneration and a regeneration by low temperature oxidation. For that purpose, several Ni-based catalysts and a bimetallic Rh-Ni catalyst supported on alumina modified with CeO 2 and ZrO 2 were used as well as a commercial Katalco 57-5 for comparison purposes. Ni/Ce-Al 2 O 3 and Ni/Ce-Zr-Al 2 O 3 catalysts almost recovered their initial activity. For these catalysts, after the regeneration under oxidative conditions at low temperature, the CO 2 conversions achieved-79.5% and 86.9%, respectively-were significantly higher than the ones obtained before sulfur poisoning-66.7% and 45.2%, respectively. This effect could be attributed to the support modification with CeO 2 and the higher selectivity achieved for the Reverse Water-Gas-Shift (rWGS) reaction after catalysts deactivation. As expected, the bimetallic Rh-Ni/Ce-Al 2 O 3 catalyst showed higher resistance to deactivation and its sulfur poisoning seems to be reversible. In the case of the commercial and Ni/Zr-Al 2 O 3 catalysts, they did not recover their activity.
Introduction
Nowadays fossil fuels are still the main contributor to the energy mix, nevertheless all countries need a sustainable, clean, safe, reliable and guaranteed energy supply. The current energy system presents evident negative environmental impacts-with an increase of carbon dioxide emissions-that now is showing clear signs of exhaustion [1] . Therefore, the need for sustainable energy resources is very clear in order to decrease global climate change [2] .
Thus, biogas provides solutions to the problems associated with the use of fossil fuels as well as to the ones derived from increasing energy consumption [3, 4] . Biogas production is a low-carbon technology for the conversion of organic compounds that could replace natural gas and fossil fuels [5, 6] . In the case of the United States, the use of biogas for transport has increased noticeably and in Europe is gaining market share in the transport fuel mix. However, there are many problems for the transportation sector, such as the lack of regulations to access the natural gas grids, or the decentralized production of the biogas [7, 8] . In this sense, biogas can be used to produce a clean energy vector for production of sustainable energy such as hydrogen. The hydrogen commercial production processes from hydrocarbons comprise steam reforming (SR), partial oxidation (POX), and autothermal reforming (ATR). A tri-reforming process is the combination of endothermic dry and steam reforming with the exothermic oxidation in one step, and it has gained increasing attention [9] . Indeed, the occurrence of these reactions can help to overcome coke deactivation [10] .
The tri-reforming process consists of the combination of water and oxygen with biogas, the following being the most important reactions involved:
Dry reforming (DR): CH 4 
Reverse Water-Gas-Shift (rWGS): CO 2 + H 2 ↔ CO + H 2 O (∆H 0 = 41 kJ/mol)
In addition, the following coke formation reactions can occur during the process:
Methane decomposition (MD): CH 4 ↔ C + 2H 2 (∆H 0 = 75 kJ/mol)
CO reduction (CO-R): CO + H 2 ↔ C + H 2 O (∆H 0 = −131 kJ/mol)
Boudouard (B): 2CO ↔ C + CO 2 (∆H 0 = 172 kJ/mol)
For the catalysts employed in the tri-reforming process, the most used metal is Ni due to its performance, although it deactivates quickly by coking. This is the reason why different supports have been tested in order to achieve a stable performance [11] . Vita et al. achieved an improvement in the methane tri-reforming reaction by the addition of La to the Ni/CeO 2 catalytic system and afterwards, a high activity and stability for biogas tri-reforming using a Ni-based ceria-lanthana catalyst. This was due to the interactions of the nickel-lanthana-surface oxygen vacancies of ceria that enhanced the nickel dispersion [9] for a synthetic biogas without contaminants.
Through biogas tri-reforming, appropriate synthesis of gas composition for the Fischer-Tropsch process can also be obtained [12] . However, one of the major technological challenges is to develop catalysts that are able to tolerate contaminants such as hydrogen sulfide and siloxanes as reported by Nahar et al. [13] . In addition, the regeneration of these catalysts when they suffer deactivation is of great interest because these contaminants are common when biogas is produced from landfill material, animal manure, wastewater, and industrial or commercial organic waste. Rasi et al. reported that the amount of hydrogen sulfide in a landfill gas varied from 36 ppm to 115 ppm and in a farm biogas from 32 ppm to 169 ppm, while hydrogen sulfide was not detected in the gas from the sewage digester [14] .
There are several studies related to the sulfur deactivation phenomenon in existing biogas-reforming processes. Regarding the biogas dry reforming process, Saha et al. studied the performance of non-precious metal-based catalysts for sulfur tolerance using Ni monometallic and Ni-Co bimetallic catalysts supported on alumina [15] . Indeed, related to the CO 2 /CH 4 ratio study, the influence of the operating temperature and the H 2 S amount introduced were also taken into account. In this case, the results showed quite stable and active behavior for at least 6 h of operation. Chattanathan et al. studied the effect of H 2 S on CH 4 conversion with a commercial catalyst, but quick deactivation was measured and no data about the catalyst composition was offered [16] . Among the literature available regarding sulfur deactivation under the biogas steam reforming process, Appari et al. studied the deactivation and regeneration of a Ni catalyst during steam reforming of model biogas. These experimental investigations were focused on the activity and regeneration processes of a self-prepared catalyst, obtaining low deactivation curves and successful regeneration process by steam treatment [17] . However, there are no experimental results available, to the best of our knowledge, about the effect of sulfur poisoning operating under a biogas tri-reforming process. Therefore, operating the appropriate catalysts selection with sulfur, especially the active metals used, is one of the most important and challenging issues. Hulteberg reported that noble metals display almost one order of magnitude lower number of sulfides formation rate at a given hydrogen-to-hydrogen sulfide ratio [18] . These considerations have been taken into account to select the corresponding Ni monometallic and Rh-Ni bimetallic catalysts supported on γ-Al 2 O 3 . In addition, Hulteberg's work shows a new regeneration process, which to the best of our knowledge has not been studied before: regeneration by oxidation at low temperature, which is difficult for sulfur-laden gas streams.
In previous studies, a model biogas consisting of methane and carbon dioxide was used [19] . In this work, special emphasis was dedicated to study the influence of hydrogen sulfide on catalyst activity and to a posterior catalyst regeneration through several processes [20, 21] : the self-regeneration process and the regeneration by low temperature oxidation processes. For this reason, Ni was selected, and the γ-Al 2 O 3 support was modified with ceria and zirconia and a noble metal, Rh, to improve catalyst stability.
In addition, deactivation and subsequent regeneration were studied in order to compare the two regeneration processes, in terms of the activities achieved for fresh and regenerated catalysts and the surface properties (determined by X-ray photoelectron spectroscopy (XPS)) of the deactivated catalysts after a second deactivation. To carry out this study, a fixed bed reaction system was used. Therefore, the main objective of this work was to test the feasibility of tri-reforming catalyst regeneration when sulfur poisoning occurs.
Results and Discussion

Fresh and Reduced Catalysts Characterization
Regarding the physico-chemical properties of the catalysts, a specific surface area (SSA) of 255 m 2 /g was measured for the commercial bare γ-Al 2 O 3 ·support. As it is observed in Table 1 , when modifiers were incorporated in the γ-Al 2 O 3 ·support, the SSA decreased. Then, when metals were added in order to prepare the corresponding catalysts, the SSA value decreased even more. However, regarding the measured pore diameter (PD), the values of both unreduced catalysts and supports were similar, which could be because of the relatively low metal loadings (~10 wt. %) and good dispersion of the metals on the supports. In Table 1 , the textural characterization of the catalysts under investigation is shown. calcined and reduced catalysts. For that purpose, the samples were reduced following the same procedure as in the experiments (see Section 3.2). In general, when catalysts were reduced the surface area, pore volume and pore diameter decreased significantly. However, the surface area of the Ni/Ce-Zr-Al 2 O 3 catalyst decrased only slightly, and its pore diameter increased while its pore volume remained constant.
In Table 2 , calcined catalysts elemental compositions (ICP-OES), H 2 -chemisorption, and XRD results are summarized. Regarding the metal composition determined by ICP-OES, similar values to the intended ones were measured for all the catalysts prepared. However, the largest differences were more evident with the catalysts containing Ce. This can be related to dissolution processes of the samples previous to analysis by ICP-OES. For ICP-OES analysis, a solution that consisted of HCl, HNO 3 , and HF was employed for Ni, Rh, Zr and Ca quantification. In the case of Ce, however, it was not possible to detect it due to CeF 2 precipitate formation. For Ce quantification, a solution consisting of H 2 O 2 and HNO 3 was used instead [22] . After preparing the corresponding solutions, the catalysts were dissolved using a digester and thereafter analyzed in an ICP-OES instrument. Despite this, small particles of the catalysts could still remain in solid state (not being perceptible), and therefore, not measured. Figure A1 .
Using the hydrogen chemisorption technique, the highest metal surface area (MSA) and dispersion (D) were measured for the bimetallic catalysts. It has been reported that the addition of a small amount of noble metals to non-noble metal catalysts improves the previously mentioned properties due to the spillover effect [23, 24] , and this was evident with the Rh-Ni/Ce-Al 2 O 3 catalyst. Therefore, higher catalytic activity is expected with this catalyst. Finally, from XRD, smaller Ni crystal sizes were measured for all the catalysts under investigation, when compared to the ones measured by H 2 chemisorption. The observed differences could be related to Ni particles sintering during the reduction at high temperature for the samples analyzed by H 2 chemisorption. It is well known that the dispersion of the particles onto the surface of the supports increases when small particles are obtained. Therefore, the highest metal dispersion and surface area measured for the bimetallic catalysts indicates the formation of smaller particles in this catalyst. Therefore, it is expected that the Rh-Ni/Ce-Al 2 O 3 catalyst would have more active sites available for conversion of CH 4 , CO 2 , and CO to produce hydrogen.
In addition to the above techniques, TPR profiles for all the catalysts have also been previously published [19, 25] (see Figure A2) , showing slight differences among the catalysts under investigation. One significant difference is that with the commercial catalyst, Katalco 57-5, four different reduction peaks were detected, the biggest one being at 1048 K. For the rest of the monometallic and bimetallic catalysts, the main reduction peaks appeared in the range 900 K to 1200 K. Different reduction peaks were observed for the promoted supports. For Ce-Zr-Al 2 O 3 catalysts are compared, a lower reduction temperature was needed for the latter (1079 K). This could be related to the "spill over" effect, which improved the nickel reducibility [26] . According to the literature, these broad peaks can be attributed to the contribution of three different species. The peaks around 950 K are attributed to the reduction of NiO-Al species weakly interacting with the alumina support, while the reduction peaks reported at higher temperatures are related to the reduction of highly dispersed non-stoichiometric amorphous nickel aluminate spinels (at around 1050 K) and to a diluted NiAl 2 O 4 -like phase (at 1100 K) [27] .
Activity Results
Once the characterization of the fresh catalysts was performed, the activity experiments were carried out using a Microactivity plant (see Section 3.2). The experimental conditions of the tests were selected based on the results obtained in a previous work of the authors [7] , steam to carbon, H 2 O/C = 1.0 and oxygen to carbon, O/C = 0.25 (molar ratio). These results were again reproduced by all the catalysts under investigation by reaching very high conversions, near to the ones predicted by thermodynamic equilibrium (at 800 • C and 1 atm: X CH4 = 99.6, X CO2 = 34.7, H 2 yield = 75.2). The Katalco 57-5 catalyst was used to establish the appropriate hydrogen sulfide concentration to the feed that would allow study of the deactivation phenomenon. To achieve this, a slow deactivation was targeted, in order to observe the deactivation curve and the resistance of the catalysts. Therefore, after one hour of stable operation under tri-reforming conditions, different H 2 S concentrations were continuously added to the system. When 1.0%, 0.5%, 0.1%, 100 ppm, and 50 ppm (vol %) of H 2 S were constantly added to the system, it was not possible to observe the deactivation curves because this process was very fast. Finally, it was possible to observe the catalysts deactivation phenomena by adding continuously 25 ppm of H 2 S to the system. Therefore, the H 2 S concentration of 25 ppm was selected to provoke the deactivation by sulfur for the rest of the catalysts under investigation. Once the catalysts were fully deactivated, the self-regeneration and oxidation regeneration processes were studied.
The self-regeneration consisted of just removing the continuously fed H 2 S from the system until a stable activity was measured. For the regeneration by oxidation, the temperature was set at 873 K to feed a synthetic air stream for 1 h to the system after switching off all the reactant gases. Then, the experiments continued under the same initial tri-reforming conditions, free of H 2 S. The activity results obtained are presented in Figures 1-3 , and which are described below.
For all the catalysts under investigation, higher methane conversion was measured than carbon dioxide conversion because carbon dioxide is only consumed though the DR reaction, which is the most endothermic reaction, and SMR, CPO and WGS are more favorable, which is consistent with the observed high H 2 /CO ratios. This was expected from the thermodynamic equilibrium trends.
Katalco 57-5 Ni-Al 2 O 3 Catalyst
In the case of Katalco 57-5 catalyst, see Figure 1 , a stable and high activity (X CH4 = 96.6, X CO2 = 32.3, H 2 yield = 74.6) was measured operating under tri-reforming conditions. When H 2 S was introduced to the system, the activity of the catalyst dropped. However, no regeneration was observed after the deactivation by any of the two regeneration processes studied.
During deactivation, the H 2 /CO ratio increased, which suggests that the main reactions occurring could be CPO and WGS. After deactivation, the negative CO 2 conversion is also consistent with the WGS reaction. The previously mentioned reasons justify the absence of O 2 as a reaction product and the H 2 /CO ratio higher than 2, assuming that the contribution of DR and SMR reactions is negligible. (0.340 g of catalyst).
Ni/Zr-Al 2 O 3 Catalyst
The catalytic activity measured for this catalyst operating under tri-reforming conditions was also high (X CH4 = 99.4, X CO2 = 34.3, H 2 yield = 74.5), as shown in Figure 2 . When H 2 S was continuously added to the system, quick catalyst deactivation was observed. Afterwards, as happened for Katalco 57-5 Ni-Al 2 O 3 catalyst, no catalyst regeneration took place after both self-regeneration and regeneration by oxidation processes. However, the Ni/Zr-Al 2 O 3 catalyst showed a slightly higher activity once being deactivated, compared to the Katalco 57-5 Ni-Al 2 O 3 catalyst, as it is observed by its higher methane conversion and lower CO 2 conversion. This could be due to the DR reaction. For all the catalysts under investigation, higher methane conversion was measured than carbon dioxide conversion because carbon dioxide is only consumed though the DR reaction, which is the most endothermic reaction, and SMR, CPO and WGS are more favorable, which is consistent with the observed high H2/CO ratios. This was expected from the thermodynamic equilibrium trends.
Katalco 57-5 Ni-Al2O3 Catalyst
In the case of Katalco 57-5 catalyst, see Figure 1 , a stable and high activity (XCH4 = 96.6, XCO2 = 32.3, H2 yield = 74.6) was measured operating under tri-reforming conditions. When H2S was introduced to the system, the activity of the catalyst dropped. However, no regeneration was observed after the deactivation by any of the two regeneration processes studied.
During deactivation, the H2/CO ratio increased, which suggests that the main reactions occurring could be CPO and WGS. After deactivation, the negative CO2 conversion is also consistent with the WGS reaction. The previously mentioned reasons justify the absence of O2 as a reaction product and the H2/CO ratio higher than 2, assuming that the contribution of DR and SMR reactions is negligible.
Ni/Zr-Al2O3 Catalyst
The catalytic activity measured for this catalyst operating under tri-reforming conditions was also high (XCH4 = 99.4, XCO2 = 34.3, H2 yield = 74.5), as shown in Figure 2 . When H2S was continuously The same experimental schedule (see Figure 4 ) was carried out for the Ni/Ce-Zr-Al 2 O 3 catalyst. Although this catalyst recovered part of its activity after the regeneration processes, the conversion values measured after the self-regeneration process were lower than the ones obtained at the beginning of the experiment. The presence of H 2 S and subsequent deactivation could alter the morphology of the surface since no catalytic reactions occurred during the period in which the catalyst was fully deactivated. Then, when the continuous H 2 S addition was stopped, the catalyst recovered most of its activity, but the very low CO 2 conversion indicates a combined poor selectivity to the DR reaction and concomitant presence of WGS reaction. added to the system, quick catalyst deactivation was observed. Afterwards, as happened for Katalco 57-5 Ni-Al2O3 catalyst, no catalyst regeneration took place after both self-regeneration and regeneration by oxidation processes. However, the Ni/Zr-Al2O3 catalyst showed a slightly higher activity once being deactivated, compared to the Katalco 57-5 Ni-Al2O3 catalyst, as it is observed by its higher methane conversion and lower CO2 conversion. This could be due to the DR reaction.
Ni/Ce-Zr-Al2O3 Catalyst
The same experimental schedule (see Figure 4 ) was carried out for the Ni/Ce-Zr-Al2O3 catalyst. Although this catalyst recovered part of its activity after the regeneration processes, the conversion values measured after the self-regeneration process were lower than the ones obtained at the beginning of the experiment. The presence of H2S and subsequent deactivation could alter the morphology of the surface since no catalytic reactions occurred during the period in which the catalyst was fully deactivated. Then, when the continuous H2S addition was stopped, the catalyst recovered most of its activity, but the very low CO2 conversion indicates a combined poor selectivity to the DR reaction and concomitant presence of WGS reaction.
On the other hand, this catalyst recovered the catalytic activity after being self-regenerated (presented at the top of Figure 4 ). This regeneration process successfully allowed recovery of the initial conversion values. However, through the regeneration by the oxidation at low temperature (presented at the bottom of Figure 4 ), significantly higher carbon dioxide conversions were measured compared to the ones measured after the self-regeneration process and before deactivation. After regeneration by oxidation, the main reaction is SMR, but after 300 min of time on stream, the selectivity to DR reaction increased significantly, as indicated by the increase in the CH4 and CO2 conversion, which is also consistent with the preponderance of this reaction with regard to the WGS. The last step of this study corresponded to a second H2S addition, in which a quicker deactivation was noticed compared to the first one. 
Ni/Ce-Al2O3 Catalyst
In the case of the catalyst modified only with CeO2, a similar behavior to the one observed for the Ni/Ce-Zr-Al2O3 was noticed with respect to the self-regeneration process. However, for the Ni/CeAl2O3 catalyst the activity recovered was slightly higher because the methane and carbon dioxide On the other hand, this catalyst recovered the catalytic activity after being self-regenerated (presented at the top of Figure 4 ). This regeneration process successfully allowed recovery of the initial conversion values. However, through the regeneration by the oxidation at low temperature (presented at the bottom of Figure 4 ), significantly higher carbon dioxide conversions were measured compared to the ones measured after the self-regeneration process and before deactivation. After regeneration by oxidation, the main reaction is SMR, but after 300 min of time on stream, the selectivity to DR reaction increased significantly, as indicated by the increase in the CH 4 and CO 2 conversion, which is also consistent with the preponderance of this reaction with regard to the WGS. The last step of this study corresponded to a second H 2 S addition, in which a quicker deactivation was noticed compared to the first one.
Ni/Ce-Al 2 O 3 Catalyst
In the case of the catalyst modified only with CeO 2 , a similar behavior to the one observed for the Ni/Ce-Zr-Al 2 O 3 was noticed with respect to the self-regeneration process. However, for the Ni/Ce-Al 2 O 3 catalyst the activity recovered was slightly higher because the methane and carbon dioxide conversions achieved were almost the same as the ones measured at the beginning of the experiment. Regarding the regeneration process by oxidation at low temperature, after two hours of fully deactivated operation, this catalyst recovered its reforming capacity. As a result, CH 4 conversion reached values similar to the ones obtained before the sulfur addition and CO 2 conversion reached higher values than the ones initially measured.
Thus, after the self-regeneration process, higher conversions were achieved by the catalyst containing both support modifiers, CeO 2 and ZrO 2 , especially for carbon dioxide (86.8%, Figure 2 , right), than for the catalyst containing only CeO 2 (79.5%, Figure 3, right) . In the case of the only CeO 2 -containing catalyst, with respect to the regeneration process by the oxidation at low temperature, it needed longer time to be regenerated. Moreover, for this catalyst, quicker deactivation occurred when H 2 S was added to the system a second time. The main difference when operating with this catalyst is its higher resistance against deactivation. Thus, apparently the presence of a small amount of Rh increased the deactivation resistance. From the catalytic results, the carbon dioxide conversions achieved were positive and the methane conversions quite significant, contributing to hydrogen yields around 30%. Therefore, this was the only catalyst showing relevant activity operating with 25 ppm of H 2 S.
When the self-regeneration process was carried out, the catalyst recovered its activity obtaining values close to the ones measured at the beginning of the experiment (Figure 3, top left) . This catalyst was the one showing the highest activity after the self-regeneration process. In the study of the catalyst regeneration by the low temperature oxidation, this catalyst showed a very quick activity recovery compared to the previous ones. Additionally, lower carbon dioxide conversion was measured but at much higher hydrogen yield. Therefore, after regeneration by the low temperature oxidation, this catalyst did not show the previously mentioned selectivity to the reverse WGS reaction. This indicates that the Rh-containing catalysts resist the addition of H 2 S as shown here by the tendency of this catalyst to recover its initial activity.
Thus, this was a remarkable catalyst achieving similar conversion values before deactivation and after regenerations because of its high recovery capacity without being influenced by the rWGS reaction. Furthermore, this catalyst was the only one showing significant activity after the second H 2 S addition, while the rest of the catalysts suffered an initial quick and complete deactivation, with a posterior second deactivation being even more drastic. For the bimetallic catalyst, hydrogen yields around 20% and methane conversions near 30% were measured after the second H 2 S addition.
Fresh and Tested Catalysts Characterization by XPS
In order to compare the characteristics of the fresh and tested catalyst surfaces, a characterization using the XPS technique was carried out for all the catalysts. Therefore, apart from the characterization results obtained for the fresh catalysts, the corresponding ones were also compiled for each catalyst after operating under the abovementioned conditions in order to detect possible differences between both regeneration processes studied.
It is important to highlight that in the case of the regeneration process by oxidation at low temperature (a process that lasted 1 h), the catalysts completely deactivated after the last H 2 S addition. Characterization of the deactivated catalysts was carried out at this point. The comparison given in Table 3 is between fresh and calcined catalysts with the samples obtained after finishing all the procedure, as specified in Figure 4 . Table 3 . Ni/Al and C/Al atomic ratios measured by X-ray photoelectron spectroscopy (XPS) and total weight loss (wt. %) measured by TGA. Self-regenerated samples were analyzed after stable operation of the last tri-reforming process. Samples of regeneration by oxidation were analyzed after the last H 2 S addition. According to the results compiled in Table 3 , the highest Ni/Al ratio measured for Katalco 57-5 catalyst can be related to the higher Ni content present in this catalyst (see Table 2 ). Focusing on the rest of γ-Al 2 O 3 -based catalysts, lower Ni/Al ratios than the measured for Katalco 57-5 catalyst were detected, the ratio measured for the Ni/Ce-Zr-Al 2 O 3 catalyst being especially low. Then, the presence of both CeO 2 and ZrO 2 affected to the Ni/Al ratio. However, for the bimetallic catalyst, Rh-Ni/Ce-Al 2 O 3 , a ratio of 0.16 was determined, and this high value could be a result of a better dispersion of the metallic phase as confirmed by H 2 -chemisorption results.
Catalysts
The Ni/Al ratios measured for the catalysts tested after the self-regeneration process (self-regeneration + tri-reforming) were generally lower than fresh calcined catalysts, which can be directly related to the carbon deposition detected and determined by the high C/Al ratios (see Table 3 ). However, the catalysts containing CeO 2 and CeO 2 -ZrO 2 improved their Ni dispersion, which could be due to more C deposited onto Al 2 O 3 than onto Ni, as observed in the Transmission Electron Microscope (TEM) pictures ( Figure 5 ). In addition, higher carbon deposition was measured by XPS for the catalysts tested under the self-regeneration process. This fact can be explained by the influence of the low-temperature oxidation process, which contributed to remove part of the carbon deposited onto the catalyst surfaces.
Furthermore, the sulfur/alumina (S/Al) ratio was also measured for all the catalysts under investigation, with special interest paid to the catalysts tested under the regeneration process by oxidation at low temperature (regeneration by oxidation + tri-reforming + H 2 S addition), because for the completely deactivated catalysts, some sulfur deposition onto the catalytic surfaces was expected. However, only for the Katalco 57-5 Ni-Al 2 O 3 catalyst some deposition of sulfur was detected, S/Al = 0.08, and corresponded to the catalyst tested after the self-regeneration process (self-regeneration + tri-reforming). The non-detection of sulfur in the rest of catalysts could be due to the low amount of sulfur deposited onto the surface of the catalysts, which could not be detected by this technique, but sufficient to deactivate catalyst active sites.
Catalysts 2017, 7, x; doi:
www.mdpi.com/journal/catalysts Self-regeneration process Rh-Ni/Ce-Al2O3
Ni/Zr-Al2O3
Regeneration by oxidation Rh-Ni/Ce-Al2O3
Ni/Zr-Al2O3 In order to determine the reasons why some catalysts suffered from deactivation and others recovered partially or almost all their initial activity, TEM images were acquired for the catalysts showing the best, Rh-Ni/Ce-Al 2 O 3 , (left of Figure 5 ) and the worst, Ni/Zr-Al 2 O 3 , (right of Figure 5 ) activity results. For both, the images correspond to the catalysts after the self-regeneration process and after the regeneration by oxidation processes. The corresponding micrographs can be observed in Figure 5 .
These pictures are the most representative ones among all the micrographs obtained by this technique. For all the catalysts and areas analyzed no sulfur was detected by the Energy Dispersive X-ray Spectroscopy (EDX), which is in good agreement with the results obtained by XPS for the Rh-Ni/Ce-Al 2 O 3 and Ni/Zr-Al 2 O 3 catalysts. In addition, the presence of carbon can easily be observed, which is also in concordance with XPS results. Furthermore, the type of the carbon deposited onto the surface can be analyzed by TEM. As can be observed in Figure 5 , encapsulated carbon was predominant, although some carbon filaments were also observed. The latter carbon appears as carbon nanotubes, which grow from the Ni particle.
In order to quantify the presence of the C deposited onto the catalysts surfaces, Temperature Programmed Oxidation (TPO) experiments were performed by Thermal Gravimetric Analyzer (TGA). The results shown in Figure 6 represent the evolution of the temperature with the first derivative of the percentage weight loss, in order to detect easily the negative or positive peaks related to the weight loss or gain, respectively. Additionally, the last column of Table 3 summarizes the total weight loss percentages.
www.mdpi.com/journal/catalysts Regarding the type of C, it has been reported that the oxidation of filamentous carbon associated with nickel particles occurs between 300 °C and 527 °C while the oxidation of carbon with different degrees of graphitization takes place above 527 °C [28] [29] [30] . From Figure 6 and the results compiled in Table 3 it can be seen that in general, very low weight losses were measured. Focusing on the left of Figure 6 , there are negative peaks at low temperature, until 150 °C, attributed to the evaporation of water [31] , specially detected for the Rh-Ni/Ce-Al2O3 and Ni/Zr-Al2O3 samples. Then, at increasing temperatures, these samples gain weight due to the oxidation at low temperature of the reduced Rh and Ni surface species. Regarding the carbon deposition, a negative peak was detected for Katalco 57-5 catalyst in the temperature range between 600 °C and 700 °C, which could correspond to the oxidation of carbon with different degrees of graphitization. This weight loss corresponds to 0.16% of the mass of the catalyst, and fits properly with the results obtained by XPS. Therefore, the C measured by XPS for the rest of catalysts, which shows a much lower ratio compared to the Katalco 57-5 one, could be considered negligible because no significant peaks were detected for these catalysts by TPO analyses in the same temperature range. Regarding the type of C, it has been reported that the oxidation of filamentous carbon associated with nickel particles occurs between 300 • C and 527 • C while the oxidation of carbon with different degrees of graphitization takes place above 527 • C [28] [29] [30] . From Figure 6 and the results compiled in Table 3 it can be seen that in general, very low weight losses were measured. Focusing on the left of Figure 6 , there are negative peaks at low temperature, until 150 • C, attributed to the evaporation of water [31] , specially detected for the Rh-Ni/Ce-Al 2 O 3 and Ni/Zr-Al 2 O 3 samples. Then, at increasing temperatures, these samples gain weight due to the oxidation at low temperature of the reduced Rh and Ni surface species. Regarding the carbon deposition, a negative peak was detected for Katalco 57-5 catalyst in the temperature range between 600 • C and 700 • C, which could correspond to the oxidation of carbon with different degrees of graphitization. This weight loss corresponds to 0.16% of the mass of the catalyst, and fits properly with the results obtained by XPS. Therefore, the C measured by XPS for the rest of catalysts, which shows a much lower ratio compared to the Katalco 57-5 one, could be considered negligible because no significant peaks were detected for these catalysts by TPO analyses in the same temperature range.
In the characterization of the catalysts tested after the regeneration by oxidation process, the initial large peaks at low temperature, below 100 • C, also correspond to moisture in the samples. Then, Rh and Ni particle oxidation takes place, mainly for the Rh-Ni/Ce-Al 2 O 3 and Ni/Ce-Zr-Al 2 O 3 catalysts, when the catalysts gain weight. The main difference compared to the previously described catalysts lies in the weight loss detected at the temperature around 350 • C for the Rh-Ni/Ce-Al 2 O 3 and the negative peak for the Ni/Ce-Zr-Al 2 O 3 catalyst in the temperature range between 500 • C and 700 • C. The weight loss for this last catalyst is around 0.52%. Then, in the temperature range between 800 • C and 900 • C, a significant peak was detected for the Rh-Ni/Ce-Al 2 O 3 catalysts, which is attributed to the oxidation of carbon with different degrees of graphitization. The weight loss in this case corresponds to the 1.78% of the catalyst weight.
The low carbon deposition measured and the quick deactivation observed lead to the conclusions that the deactivation was mainly due to the addition of small amounts of sulfur as low as 25 ppm. As has been reported by other authors, the deactivation by sulfur can be described by the following general reaction Equation (8) [32, 33] , which is proposed to operate at high temperature:
Ni-S + 3/2O 2 → NiO + SO 2 (9) As is shown above, all the CeO 2 -containing catalysts partially recovered their initial activity by both regeneration processes. This effect could be related to the oxygen fed in the regeneration process by oxidation at low temperature as well as the oxygen fed together with the other reactants for the self-regeneration process, which reacts according to reaction Equation (9) .
For the catalysts tested under regeneration by oxidation process, a second sulfur addition was applied. At these conditions, no sulfur was detected, with the exception only of the Katalco 57-5 catalyst. There could be two effects to explain the non-detection of sulfur or SO 2 . The first one is the poor detection limit of the µ-GC and the characterization techniques used. The second deals with the possible sulfur desorption when the system was cooled down from 800 • C to atmospheric temperature. Therefore, the results of this work strongly suggest that catalyst deactivation mainly occurs via a mechanism of deposition of small amounts of sulfur on the catalysts active sites, which are successfully regenerated by sulfur oxidation with oxygen in presence of highly dispersed Ni and a noble metal.
Materials and Methods
In this section, the description of catalysts preparation techniques, activity measurements, equipment used and catalysts characterization techniques is detailed.
Catalysts Preparation
First, modified alumina supports were prepared using aluminum oxide (BET specific surface area 255 m 2 g −1 , pore volume 1.14 cm 3 g −1 ; Alfa Aesar, Haverhill, MA, USA, P/N: 43832), cerium(III) nitrate hexahydrate (99.5%; Alfa Aesar, P/N: 11329) and Zirconium(IV) oxynitrate hydrate (99.99%; Sigma Aldrich, St. Louis, MO, USA, P/N: 243493). An aqueous solution consisting of 10.0 mL of water per gram of support was used to dissolve promoters. The amounts of CeO 2 and ZrO 2 salts precursors were calculated to achieve a nominal content of 6.0 wt. % Ce and 8.0 wt. % Zr for the cerium-and zirconium-doped γ-Al 2 O 3 supports, and 3.0 wt. % Ce and 4.0 wt. % Zr for the cerium-zirconium-doped γ-Al 2 O 3 support. The excess of solvent was evaporated in a rotary evaporator model Heidolph Laborota 4000 after being mixed overnight in order to obtain a homogeneous mixture. The evaporation procedure was carried out at 338 K and 40-100 mbar. After the evaporation step, the solid was introduced in an oven at 373 K during 1 h to assure a complete drying, then calcined in a muffle at 1073 K (rate of 5 K/min) in presence of static air during 4 h, in order to remove any volatile components.
Thereafter, the Ni was incorporated to these supports by impregnation with a Nickel(II) nitrate hexahydrate (99.99%; Sigma Aldrich, St. Louis, MO, USA, P/N: 203874) aqueous solution. The amounts of Ni salt precursor were calculated to achieve an intended load of 13.0 wt. % Ni for γ-Al 2 O 3 -based supports. For the bimetallic catalyst, a Rhodium(III) nitrate hydrate (~36 wt. % as rhodium; Sigma Aldrich, St. Louis, MO, USA, P/N: 83750) aqueous solution was incorporated to the previously calcined monometallic catalyst, following the same procedure indicated above, to achieve an intended load of 1.0 wt. % of Rh. Then, the catalysts were dried and calcined as indicated above. The activity of a commercial catalyst (ICI group; Katalco, 57-5 series) supported on α-Al 2 O 3 was used for comparison purposes. These catalysts were previously tested by the authors under several biogas reforming conditions, and now the aim of the present work is to study the influence of sulfur in their stability [19] .
Activity Measurements
A bench-scale Microactivity plant (PID Eng&Tech, Alcobendas, Spain, see Figure 7 ) was used for the activity tests. Electronic controllers adjusted the fed gaseous mixture flows and a HPLC-Gilson liquid pump was used for deionized water injection (18.2 MΩ cm at 25 • C and a TOC value of 3 ppb). For all the experiments a model biogas consisting of 60 vol % CH 4 and 40 vol % CO 2 was fed [14, 27, 34] . A H 2 O/C molar ratio of 1.0 and O/C molar ratio of 0.25 were used in addition to nitrogen to simulate an air stream. Therefore, 210.0 mL/min of CH 4 , 140.0 mL/min of CO 2 , 197.7 mL/min of N 2 , 52.5 mL/min of O 2 and 0.169 mL/min of liquid H 2 O were fed to the system at 800 • C and atmospheric pressure. After 1 h of stable operation under the conditions described above, 25 ppm of H2S was continuously added to the model biogas in order to study the catalysts deactivation phenomena. For that purpose, another cylinder containing H2S and CO2 was used, allowing the operation at the same weight hourly space velocity (WHSV) by switching off the CO2 flow gas and switching on the CO2/H2S mixture. When the Micro GC measured no hydrogen, it was considered that complete deactivation took place. Then, two types of regeneration processes were carried out, a selfregeneration and a low temperature oxidation. The self-regeneration consisted of just removing the continuously fed H2S from the system until a stable activity was measured. For the regeneration by oxidation, the temperature was established at 873 K to feed a synthetic air stream during 1 h to the system after switching off all the reactant gases. Then, the experiments continued under the same initial tri-reforming conditions, free of H2S. For the catalysts that recovered part of their initial activity through the regeneration by oxidation process, and once they reached a stable operation, H2S was continuously added again in order to study and compare the two consecutive deactivations. In Figure  2 , a general scheme of the studied conditions can be observed.
The tests described above were performed in order to know which catalysts were able to recover part of their initial activity. For that purpose, the following parameters were defined:
Methane conversion: XCH4 (%) = (VCH4 in − VCH4 out )/VCH4 in × 100
Carbon dioxide conversion: XCO2 (%) = (VCO2 in − VCO2 out )/VCO2 in × 100
Hydrogen yield: H2 yield (%) = VH2 out /(2•VCH4 in + VH2O in ) × 100
where Vi in corresponds to the volumetric flow-rate of reactant i (NmL/min); Vi out corresponds to the volumetric flow-rate of product i (NmL/min).
Catalysts Characterization Techniques
Fresh catalysts were characterized by different techniques. An inductively coupled plasma optical emission spectroscopy (ICP-OES) instrument, model 2000-DV (Perkin Elmer, Waltham, MA, USA), was used to measure the quantity of each element in the catalysts. The catalysts were properly dissolved using a digester and thereafter, analyzed by ICP-OES. The fixed bed reactor system, (316-L stainless-steel, 4.57 mm inner diameter and 30 cm length) was filled with the same catalyst amount, 340 mg, (0.42-0.50 mm diameter particle size) for all experiments. The catalyst was diluted with inert silicon carbide (catalyst:SiC) at 1:4.5 w/w ratio (0.5-1.0 mm diameter particle size, Navarro SIC, S.A. P/N: grain 3/1 RC, pure and inert SiC), in order to avoid temperature gradients in the bed. The diluted catalyst bed was placed in the middle of the reactor and then it was totally filled with another bed of higher diameter SiC particles (0.5-1.0 mm diameter particle size). This higher size was used in order to separate satisfactorily SiC and tested catalysts after activity experiments. Using 340 mg of catalyst, activity tests for biogas tri-reforming process were carried out at weight hourly space velocity, WHSV, of 161 g gas ·g cat −1 h −1 . The effluent stream was cooled down in a partial condenser. The condensed aqueous phase was collected and weighted, and the gas phase was analyzed online by a Micro GC equipped with a TCD detector. Three columns, Molecular Sieve 5 Å PLOT, CP-Sil 5 CB, and Poraplot Q, were used in a series arrangement for complete separation of hydrogen, oxygen, nitrogen, methane, carbon monoxide, and carbon dioxide, which were calibrated using N 2 as an internal standard. Before running the activity tests, each catalyst was heated from room temperature to 800 • C using 350 mL/min of pure N 2 , then they were reduced at 800 • C using 350 mL/min of a N 2 :H 2 = 3:1 (v/v ) mixture during 4 h and, finally, exposed to the reaction mixture to start the corresponding activity test. After 1 h of stable operation under the conditions described above, 25 ppm of H 2 S was continuously added to the model biogas in order to study the catalysts deactivation phenomena. For that purpose, another cylinder containing H 2 S and CO 2 was used, allowing the operation at the same weight hourly space velocity (WHSV) by switching off the CO 2 flow gas and switching on the CO 2 /H 2 S mixture. When the Micro GC measured no hydrogen, it was considered that complete deactivation took place. Then, two types of regeneration processes were carried out, a self-regeneration and a low temperature oxidation. The self-regeneration consisted of just removing the continuously fed H 2 S from the system until a stable activity was measured. For the regeneration by oxidation, the temperature was established at 873 K to feed a synthetic air stream during 1 h to the system after switching off all the reactant gases. Then, the experiments continued under the same initial tri-reforming conditions, free of H 2 S. For the catalysts that recovered part of their initial activity through the regeneration by oxidation process, and once they reached a stable operation, H 2 S was continuously added again in order to study and compare the two consecutive deactivations. In Figure 2 , a general scheme of the studied conditions can be observed.
Hydrogen yield:
where V i in corresponds to the volumetric flow-rate of reactant i (NmL/min); V i out corresponds to the volumetric flow-rate of product i (NmL/min).
Fresh catalysts were characterized by different techniques. An inductively coupled plasma optical emission spectroscopy (ICP-OES) instrument, model 2000-DV (Perkin Elmer, Waltham, MA, USA), was used to measure the quantity of each element in the catalysts. The catalysts were properly dissolved using a digester and thereafter, analyzed by ICP-OES.
The textural properties, BET specific surface area and pore volume and average pore diameter, of the calcined and outgassed (at 423 K for 2 h) catalysts were evaluated by means of N 2 adsorptiondesorption isotherms obtained at 77 K using an Autosorb 1C-TCD.
Through temperature-programmed reduction, TPR, the reducible species formed during calcination step of the catalysts, and the reduction temperature were determined. The measurements were carried out using an Autosorb 1C-TCD apparatus, equipped with a thermal conductivity detector. A continuous flow of 5% H 2 /Ar (40 NmL/min) was passed over 500 mg of calcined catalyst powder (0.42-0.50 mm diameter particle size). The temperature was increased from room temperature to 1273 K at a rate of 10 K/min. The sample was previously outgassed at 573 K (rate of 5 K/min) during 30 min. Nickel dispersion was measured by H 2 -pulse chemisorption at 313 K in the Autosorb 1C-TCD unit. Prior to pulse chemisorption experiment, all samples were reduced under pure H 2 flow (40 NmL/min) for 2 h at 1073 K (rate of 10 K/min). To calculate metal dispersion, adsorption stoichiometry of H/Ni = 2 was assumed. Dispersion is calculated as follows:
where v m : adsorbed volume, measured at standard conditions (cm 3 ); n: chemisorption stoichiometry factor; M: atomic weight of Ni; m: mass of the sample (g); wt. %: metal loading. A temperature-programmed oxidation (TPO) was carried out by a thermogravimetric analysis (TGA) in order to quantify the coke amount produced during the experiments using a Mettler Toledo TGA/SDTA851 apparatus equipped with a TSO 801RO robot. Samples were heated from room temperature to 1023 K at 10 K/min flowing continuously 100 mL/min of pure oxygen.
The X-ray powder diffraction, XRD, of fresh and calcined catalysts' patterns were collected using a X'PERT PRO automatic diffractometer operating at 40 kV and 40 mA, in theta-theta configuration, secondary monochromator with Cu-Kα radiation (λ = 1.5418 Å) and a PIXcel solid state detector (Panalytical, Almelo, The Netherlands). The samples were mounted on a zero background silicon wafer fixed in a generic sample holder. Data were collected from 10 to 80 • 2θ (step size = 0.026 and time per step = 625 s) at RT. A fixed divergence and antiscattering slit giving a constant volume of sample illumination was used.
XPS technique was used to evaluate the surface characteristics (oxidation state of the species formed, interactions, atomic ratios, etc.) of the fresh and used samples. The measurements were carried out with a SPECS spectrometer equipped with a hemispherical electron analyzer and a monochromatic Al Kα1 (hυ = 1486.6 eV) X-ray source (SURFACE NANO ANALYSIS, GmbH, Berlin, Germany). The base pressure of the spectrometer was typically 10 −10 mbar. The spectra were collected at pass energy of 20 eV, which is typical of high-resolution conditions. Both fresh and used catalysts were analyzed with this technique.
Finally, transmission electron micrographs were acquired on a Philips CM 200 transmission electron microscope (TEM) at an acceleration voltage of 200 kV with a LaB 6 filament (Kimball Physics Inc., Wilton, NH, USA). Typically, a small amount of sample was suspended in pure ethanol, sonicated and dispersed over a Cu grid with a carbon coated cellulose acetate-butyrate holey film. TEM images were recorded using a 4 k × 4 k TVIPS CCD camera at different magnifications.
Conclusions
In this work, Ni catalyst reactivation after sulfur poisoning while being used to reform biogas was studied using two different regeneration processes: a self-regeneration and regeneration by low temperature oxidation. Several Ni-supported catalysts were tested including Ni/Ce-Al 2 O 3 , Ni/Zr-Al 2 O 3 , Ni/Ce-Zr-Al 2 O 3 , Rh-Ni/Ce-Al 2 O 3 and the Katalco 57-5 commercial Ni-Al 2 O 3 catalyst for comparison purposes. In general, the Katalco 57-5 commercial Ni-Al 2 O 3 and Ni/Zr-Al 2 O 3 catalysts did not recover their initial activity with any of the two regeneration processes. However, this was not the case for the Ni/Ce-Al 2 O 3 and Ni/Ce-Zr-Al 2 O 3 catalysts, which recovered most of their initial activity after regeneration. Additionally, after these catalysts were regenerated via the oxidative process at low temperature, the CO 2 conversion achieved after regeneration was significantly higher than the one obtained before sulfur poisoning. This effect was attributed to structural modifications that alter the reaction pathways by promoting higher selectivity for the DR and rWGS reactions.
As was expected, the bimetallic Rh-Ni/Ce-Al 2 O 3 catalyst showed higher resistance to deactivation and its sulfur poisoning seemed to be reversible using any of the two regeneration processes. Moreover, after the catalyst regeneration, this catalyst did not show selectivity to the reverse WGS reaction, which is desirable to achieve the highest possible hydrogen yield.
The catalyst characterizations only detected very small sulfur contents for the Katalco 57-5 catalyst by XPS. C was also detected, but at very low concentrations as measured by TPO. Therefore, all these results combined point towards catalyst deactivation mainly occurring via a mechanism of deposition of small amounts of sulfur on the catalysts active sites, which are successfully regenerated by sulfur oxidation with oxygen in the presence of highly dispersed Ni and a noble metal.
The result of this work point towards future investigations focusing on the use of different supports and reforming metals that can resist sulfur poisoning and promote reaction pathways that ensure the obtaining of higher hydrogen yields.
